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COMPRESSIVE STRENGTH OF CONCRETE IN F.LEXURE M3
DETERMINED FROM TESTS OF REINFORCED BE.AMS*
by Willis A. Slater** and In@? Lyse***
The Joint Committee on Concrete and. Reinforced Concrete
first recommended in 1909 a maximum working stress for concrete
in compression of 32.5% of the strength of cooorete determined
on 8 by l6-in. control cylinders 28 days old. The recommended
working stress in the steel w~s 16 000 lb. per sq•. in. These
stresses were based on the use of the straight line formula for
the desigh of reinforced concrete beams. The recommendation ap-
pears to provi<;1e a factor of safety of approximately 3, for com-
pressi ve stresses and 2.5 for tensile stresses. Test beams pro-
portioned to meet these conditions have aJLways fei lad in tension
in the reinforcement with a factor of safety between 2.5 and 30
~ " .,., .
However, tests on beams with sufficient reinforcement to develop
compression failure of the concrete have shown factors of safety
considerably larger. This fact was first brought out by Dr.
Fritz :wmperger.in "Beton und E-isen" in 1903. Later the uGerman
Coromi ttee for Reinforced Concrete" initiated a more extensive
investigation on the same subject~ The tests sponsored by the
Committee were carried out under the direction of C. Bach and
otto Graf and a report was published in Heft 19 of "Deutscher
I,
Ausschuss fur Eisenbeton" in 1912. ~he results of Emperger's as
well as of Bach's and Graf's studies have been plotted in Fig. 1 •
* Abstract of paper published in Journal of the .American Concrete
Institute.
** Director of Fritz Engineering Laboratory, Lehig1;l. University.
***Assistant Engineer, Portland Cement Association, Chicago.
2The control specimens used in these tests were 30 cm. (11 0 8 in.)
cubes. In. order to compare the results on the bases 0 f ordinary
6 by l2-in, cylinders the ratios of the computed beam strength
to the cylinder strength are shown at the right hand side of the
diagram. For convenience this ratio is ttermed the beam-cylinder
strength· rati o.
A s imila.r stuOy of re suIt s from different sources in the
United States was published in a paper. by Slater and Zipprodt in
the Proceedings of the .American Concrete Institute in 1920. The
essential results f~am these results are shown in Fig. 2.
Fig. 1 and 2 show too t for all these tests the strength of
the concrete compu ted by the straight line formula was consider-
ably greater than the strength of the concrete as shown by tests
of cubes or cylinders. The tests also indicate that the beam-
cylinder strength ratio increased as the strength 0 l' the concrete
decreased. The variation of this ratio With the strength of the
concrete was less marked for the tests reported by Bach and .Graf
than for the others.
These working stresses recommended in 1909 were quite gen-
erally used until in 1921 and 1924 reports of the Joint Committee
on Standard Sp:1cifications for Concrete and Reinforced Concrete
raised the maximwn working streB's for concrete in flexure to 40'10
of the cylinder strength. This working stress, however, has not
been universally accepted.
In order to study thi s subltect more fully an investigation
was made at the Fritz Engineering Laboratory of Lehigh University,
Bethlehem, Pa. fram January to March 1930. This investigation in-
3eluded two series of tests. one in which with beams of equal di-
mensions the ~y~inder s~re~~th of the concrete ranged from .about
1400 to 5800 lb. per sq.in., and another series in which for two
• • # •• • ••
different strengths of concbete (2800 and 4000 lb. per sq.in.)
the depth to the center of gravity of the reinforcement varied
from 4 to 14 inches. A total of 36 beams was made. All beams were
8 in. wide and 11 ft. long. The percentage of reinforcement varied
from 2.1 to 5.6 insuring against failure in tension of the longi-
tudinal reinforcement. Web reinforcement was used to guard against
diagonal tension failure in the web. For beams having an effective
depth of 10 in., or more, vertic al stirrups were used, while for
beams of 8 in. or, less inclined bars were used as web reinforcement.
~e d~sign.~t. the beams is shown in Fig. 3. Rail steel reinforce-
ment was used which had a yield point of approximately 65 000 lb.
per sq.in. and an ultimate strength of 106 000 lb. per sq.in.
Three be~s of each kind were made for each group. The control
specimens consi sted of 6 by 12-in. cylinder's and three were made
with each beam.
The aggregate combina tion used in the concrete mixes con-
sis ted of 40% sand and 60% gravel. The gravel was graded so as
. . .
to contain 40% between No.4 and 3!8-in. sieves and 60% between
~ '. .
31's-in. and 3/4-1n. si eves. 'The different concrete mixes were
designed for a consistency corresponding to a slump of 3 to 6
. . . ~
in. This consistency was obtained by maintaining the amount of
.. .
water constant a~ 40 gal. per cubic yard of concrete for the
different water~cement ratios used.
The 28 days strength results of the 6 by l2-,ln~ control
4cylinders are shown in Fig. 4. In Fig. 5 the 28-day cylinder
strengths have been plotted against the cement content per cubic
yard of conc;rete. It will be seen from t.h1s figure that the
strength of' the concrete increased proportionally to the .increase
in cement content.
A fair degree of uniformity of the concrete as measured
by the strength of the control cylinders was secured throUghout
the s erie s. The maximum vari a t ion from the average in any gro up
of beams was 12.9% and the average of the maximum variations for
all the groups was 6.4%.
The rei nforcement was welded in to a rigid uni t by means of
electric arc welding before placing in the forms. This proved
very effective in maintaining the correct posi tion of the rein-
forcement during the placing of concrete in the beams. Fig. (fD
shows the fabricated reinforcement for beams of different depths.
The control (tylinders as we1.l as the beams were generally
left iIi the forms for 48 hours after making. The fonus were then
removed and the specimens placed in a moist room 0 f 100% humidi ty
and a temperature of approximately 70°F until a 28-day age was
reached. The specimens were then removed from the moist room
and tested to fei: lure. The control cylinders were tested in
compression in- the ordinary manner. Defor;ma. tion measurements
were taken on at 1 east one cylinder from each beam in 0 rder to
determine the modulus of elastici ty of the cop.crete. The beams
were supported in the testi~g machine at 9 in. from each. end.
making a span of 9 ft. 6 in. between centers of supports. The
,. -:;:- ---;- - 'T--""
5load was applie,d at points 21 in. on either s1 de of the center
of the beam. Th1s arrangement of loads produced a constant mo-
ment in the central 42-in. portion 0 f the concrete beam. Fig. 7
shoW's the ar.rangement during the testing of one of the beams.
Deformation measurements were taken on the concrete near
the top of the· beam and at the elevation 0 f cent er of gravity of
the rein~orcement, and in some cases near the neutral axis of
the beamo The center deflection was measured on all the beams.
All beams except two faile:d in compression 0 f the concrete
between the loading points. Generally the failure was very c los,e
. .. ~
~o the center.. Beams of low strength concrete gave a gradual fail-
ure while beams of higher strength. concrete broke suddenly without
previous warning. Two beams faUe:d in daagonal tens ion at a load
nearly equal to too t of the companion specimens failing in com-
pression. The uniformity in strength results obtained from the
tests of three beams in each group was found to be very good.
The greatest of the maximum variations for any group was 13%, and
the average 0 f the maximum variations for all groups was 8.2%.
In Fig. 8 the beam-cylinder strength ratios have been
plotted against the strengths of the control cylinders. Three
'" . ..
di ffer~nt val. ues of. n were used in the compu~atiohs 0 f the
rat ios , (I) the values spe ci fi ed by the l4neric an Concret·e Ins ti tut e,
(2) the values specified in the joint Committee report of 1924;
(3) the values determined from the deformation measurements on con-
trol cylinders' and on couponsfram the reinforcement steel used in
-the tests. The upper curves of Fig. 8 represent the values of the
bea11l-cylinder strength ratio when the ordinary straight line form-
6ula is used for computing the stresses. It is noted that the
beam-cylinder strength ratios are considerably above 1.0 for
all the groups in.c luded. The ratios vary from a low value of
about 1.40 for concrete having a strength of 5HOO lb. per sq.in.
. .
to as high as 2.2 for doncrete having a strength of 1400 lb. per
sq. in. The lower curve in :Witg. 8 represents the beam-cylinder
strength ratios when a parabolic formula is used for 'computing
the compressive stress. In this curve the beam-cylinder strength
ratios vary from about ;1.5 for concrete having a strength of 1400
lb. per sq. in.' 10 1.0 for concrete having a strength of 5800 lb.
per sq.. in.
The variations in the assumed values of n had a small eff-
ect on the beam-cylinder strength ratio for computations made by
the straight line formula and a smaller effect for c amputations
made by the parabolic formula~
The beam-cylinder strength ratios for beams wi th different
depths and two different strengths of conc~rete (2800 and 4000 lb.
~ . .. ~
per sq. in.) have heen plotted in Fig. 9. The beams wi th conc:rete
of 2000 lb. per sq.in. indicated a slight increase: in the ratio
wi th the increase in the depth of the beams. However, the in-
. .
crease was very small and not entirely consistent. The beams
having concrete of 4000 1 bo per sq. in. showed the same beam-
cylinder strength ratio for all the different depths of beams
used. This seems to justifY the conclusion that the effect of
the variation in the depth on the beam-cylinder strength ratio
was negligible.
In Fig. 10 the stresses determined from the strains ob-
served at the level of the center of graVity 0 f the reinforce-
'/
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ment are shown as ordinates, and the stresses computed by the
straight line formula, using .!!. as specified by the American
., ,
Concrete Ins ti tute, are shown as abscissas. The plotted points
represen't the resul ts from thi s series of tests and the solid
straJigltlm lines are the graphs of the equations given in the fiLgure.
These equations represent closely the relation between observed and
computed stresses in an extensive series of tests carr~ed out by
the Unit,ad States Geological Survey under the q.irection of Richard
L. Humphrey about 25 years ago. On the whole the observed stresses
agree very well with the computed stresses in the steel, rather
more clo sely, in fact, than in the tests by the Geological Survey.
Fig. 11 shows the relation between the s o-c:aJLled observed
compressive stresses in the beams and the stresses computed by
means of the straight lin13 formula. The vaJLues of n used in
these computations were according to the sp~cification f.o~ ~he
illD.6rican Concrete Insti tute f S building code. For the strains
observed at the extreme fiber of the beam at different loads, cor-
responding stresses were taken from the stress-strain curve f~r
the control cylinders. These are the so-called ob served stresses
for the beams. The dotted l~e gives the condition for equal com-
p!lmed and observed stresses. It is noted that for stre sse s up to
the strength of the cylinders there is a close agreement. between
the observed and the c amputed stre$ses. The' indi cation is that in
a beam at' the maximum load the computed compressive a,tresses are
in agreement with the s tresses for correspOndt"ng s trains in the cy'-
. .
linders up .to a heig~t above. the neutral axis a~ which the s,tress
is approximately equal to the cylinder strength. For points above
8this height the stresses in the beam are not known, but co Inpu-
tations indicated that they must be: somewhat greater than the
cylinder strength in order to produce equilibrium between the
internal and external moments.
The average deflection for the different groups of beams
of five different strengths of concrete in which the size of the
.. _.
beams remaine:d constant is shown in Fig. 12. For complr1son, de-
flections computed from a formula propes ed by Prof. G. A. Maney
have also been shown. The agreement between the computed and the
observed deflections is very good and indicates that an intimate
rela tion exists between the measured deformations of a reinforced
concrete beam and the deflecti ons. It will also be noted from
. )
Fig. 12 that the total observed deflection~ 'near the maximum load
were practically equal for all the beams included in this series.
In 0 rder for thi s to be true the deformations in the cororete
must also have been nearly the same at maximum load for all groups.
This was found to be approXimately the case.
The test results also indicated that for desiig computations
of stresses in the reinforcement of cone rete beams the ~alue of j
might well be taken as a constant regardless of the values of p and
n.
These tests indicate that the maximum compression stresses
in the beams were approxima. tely equal to the stresses compu ted by
the straight line fomula, until a load was rf;iached a t which the
maximum stress was equal to the strength of the control cylinder.
In a.ddi tion they s bow that at failure of the beam the stresses
computed by the straight line formula were fram 40 to 120t
greater than the strength of the control cylinders,
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